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Angiotensin converting enzyme (encoded by the gene DCP1,
also known as ACE) catalyses the conversion of angiotensin I to
the physiologically active peptide angiotensin II, which controls
fluid-electrolyte balance and systemic blood pressure. Because
of its key function in the renin-angiotensin system, many asso-
ciation studies have been performed with DCP1. Nearly all stud-
ies have associated the presence (insertion, I) or absence
(deletion, D) of a 287-bp Alu repeat element in intron 16 with
the levels of circulating enzyme or cardiovascular pathophysi-
ologies1–3. Many epidemiological studies suggest that the
DCP1*D allele confers increased susceptibility to cardiovascular
disease; however, other reports have found no such association
or even a beneficial effect (refs 4−7). We present here the com-
plete genomic sequence of DCP1 from 11 individuals, represent-
ing the longest contiguous scan (24 kb) for sequence variation
in human DNA. We identified 78 varying sites in 22 chromo-
somes that resolved into 13 distinct haplotypes. Of the variant
sites, 17 were in absolute linkage disequilibrium with the com-
monly typed Alu insertion/deletion polymorphism, producing
two distinct and distantly related clades. We also identified a
major subdivision in the Alu deletion clade that enables further
analysis of the traits associated with this gene. The diversity
uncovered in DCP1 is comparable to that described for other
regions in the human genome8–11. The highly correlated struc-
ture in DCP1 raises important issues for the determination of
functional DNA variants within genes and genetic studies in
humans based on marker association.
In terms of sequence variation, some differences were evident
between the groups we studied. European-American samples
had 44 varying sites, of which 4 were singletons, and African-
American samples had 70 varying sites, of which 22 were single-
tons. The difference in the proportion of singletons between
these two groups was significant (χ2=7.66, P<0.006). The much
lower incidence of singletons in the European sample also
resulted in a greater departure between estimates of θ=4Nµ
obtained from the number of segregating sites and the per-site
heterozygosity. This difference was quantified by Tajima’s D sta-
tistic, which was 1.522 in the European-American sample and

0.213 in the African-American sample, and is consistent with a
greater departure from equilibrium in Europe than in Africa.
Despite these differences, the overall nucleotide diversity across
the entire gene was not significantly different between African-
Americans and European-Americans (9.7×10–4±4.9×10–4 versus
7.3×10–4±3.8×10–4, respectively; Table 1).

The structured pattern of sequence variation allowed for the
resolution of linkage phase and inference of haplotypes. A high
degree of multi-site linkage disequilibrium was evident in a block
of sites near the 5´ end of the testicular form of DCP1 (starting
near site 10,514; Fig. 1; ref. 12) in individuals who were multiply
homozygous for the common variant, homozygous for the rare
variant or heterozygous at all sites (Fig. 2a). This enabled us to
infer all haplotypes, which were subsequently verified by allele-
specific PCR (Fig. 2b,c; ref. 13). We identified 13 distinct haplo-
types, approximately one-half of which were represented more
than once, with 1 haplotype found 5 times (H1, 23% of the sam-
pled chromosomes), another haplotype 4 times (H6, 18%) and 1
haplotype 3 times (H7, 14%). The remaining 10 haplotypes were
present only once in the sampled chromosome (45% of total
haplotypes). We constructed a gene tree to infer the mutational
steps among haplotypes. The Alu insertion occurred on the long
branch that separates 2 major clades along with 17 other substi-
tutions (Fig. 3a). This Alu element was inferred to be an insertion
(rather than a deletion) because its sequence has closest similar-
ity to other human-specific Alu elements14, and PCR of chim-
panzee DNA revealed a fragment consistent with lack of an Alu
(data not shown). These data suggest that the Alu insertion
occurred after the human-chimpanzee split, but is nevertheless
very old due to the significant sequence variation that has accu-
mulated on the Alu *I clade. Coalescent simulations produced a
maximum likelihood estimate of 1,113,000±232,000 years as the
time of common ancestry of the DCP1 haplotypes, consistent
with observations in several other human nuclear genes8,11,15,16.

A notable feature of DCP1 sequence variation was the high
degree of linkage disequilibrium in the 18 varying sites (including
the Alu indel) that distinguish the *I and *D clades. We tested the
hypothesis that such a pattern of SNPs might occur by chance in a

Table 1 • Sequence diversity in different regions of DCP1 and between ethnic groups

Region scanneda African-Americanb (n=5) European-Americanb (n=6) Totalb (n=11)

coding 9.4±4.8 (S=13) 6.1±4.0 (S=7) 8.8±5.2 (S=15)
noncoding 9.7±5.3 (S=57) 7.6±4.1 (S=37) 9.4±4.8 (S=63)

5´ region 4.1±3.3 (S=4) 3.3±2.8 (S=2) 3.9±3.0 (S=4)
3´ region 5.6±5.9 (S=1) 5.1±5.5 (S=1) 5.4±5.4 (S=1)
intronic 10.6±5.8 (S=51) 8.1±4.4 (S=33) 10.2±5.3 (S=57)
repeat elem. 12.3±7.5 (S=13) 10.3±6.3 (S=9) 11.9±6.8 (S=14)

total 9.7±4.9 (S=70) 7.3±3.8 (S=44) 9.3±4.8 (S=78)

aThe total number of bases analysed for each region was: coding, 4,122 bp; noncoding, 19,948 bp; 5´ region, 2,643 bp; 3´ region, 842 bp; intronic, 16,636 bp; repeat
elements, 3,305 bp; and total, 24,070 bp. bAll values are reported as mean×10–4±s.e.×10–4. The total number of segregating sites in each category is given by S.
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neutral gene by simulating 100,000 non-recombining neutral coa-
lescent trees, of which 5,083 had two clades of 9 and 13. The num-
ber of trees that had 18 or more sites in absolute disequilibrium
was 154, indicating that this degree of linkage disequilibrium is
unlikely (P=0.030). This unique feature suggests several explana-
tions. For example, it is possible that either the Alu polymorphism
may cause destabilization by DNA mispairing, causing a flurry of
additional mutations around it, or the Alu insertion occurred in a
particular background that is rapidly increasing in frequency.
Such a sweep is unlikely in an equilibrium population. Demo-
graphic factors, such as survival of a few lineages through a bottle-
neck or an ancestral population with a high degree of subdivision,
have a much greater likelihood of causing grossly different alleles
with multiple-site disequilibrium. The multiple-site linkage dise-
quilibrium is also consistent with the apparently low levels of
intragenic recombination, as assessed by the four-gamete test.
Natural selection may have favoured long-term maintenance of
the *I and *D haplotypes in the population, allowing more differ-
ences to accumulate than expected under neutrality.

Many investigators have focused only on coding regions in
their search for sequence variation, arguing that these sites will
exhibit the primary functional effects10. Had our study examined
only coding regions, we would have found only 2 synonymous
coding variants in the group of 17 sites in absolute disequilib-
rium with Alu *I/*D and missed the 15 noncoding sites in this
region. Numerous reports have shown an effect of noncoding
variations for mendelian disorders such as cystic fibrosis17 and
phenylketonuria18 and in model organisms such as Drosophila
melanogaster19. Considering only the coding sites would also lead
to a simpler interpretation of the underlying genetic structure in
the population (Fig. 3b), although the nucleotide diversity would
have been close to that obtained for the entire gene (Table 1).

Several studies have claimed to find physiological effects asso-
ciated with the Alu insertion/deletion, including altered enzyme
levels/activities, cardiovascular pathophysiologies such as
myocardial infarction, arterial hypertension and left ventricular
hypertrophy, elite athletic performance and response to physical
training1–4,20. Our work shows for the first time that there is a
major genetic subdivision in the deletion clade (H1 and H7) in
one of the populations (European-Americans) that enables a
more detailed analysis of common cardiovascular traits associ-
ated with this variation. Because the deletion form has been con-
sistently associated with cardiovascular disease pathology, this
suggests genetic heterogeneity is of potential medical impor-
tance. The generation of haplotypes from these data will also
allow the application of other cladistic-based analyses to investi-
gate genotype-phenotype relationships21,22.
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Fig. 1 Genomic structure, repeat elements and nucleotide variations in DCP1.
a, Genomic structure of DCP1. DCP1 consists of 26 exons spaced over approxi-
mately 24 kb (~16% coding sequence) and is a duplicated gene with two
homologous domains (exons 1−12, 14−26). Tissue-specific expression is found in
testes, with a promoter in intron 12 driving expression of the testes-specific
exon 13 and the second half of DCP1 (exons 14−26; ref. 12). b, Repeat structure
found in genomic DCP1 sequence. Genomic sequence was analysed for known
repetitive elements (SINE, LINE, LTR), simple repeat elements and low-complex-
ity regions using RepeatMasker (A.F.A. Smit and P. Green; ftp.genome.washing-
ton.edu). The reverse-oriented Alu repeat element in intron 16 has been used
as a common marker in association studies. c, Variant distribution in DCP1. We
identified 74 single-nucleotide polymorphisms (59 non-coding, 15 coding) and
4 insertion/deletion polymorphisms from 11 individuals (5 African-Americans, 6
European-Americans). All individuals were genotyped for the Alu
insertion/deletion found in intron 16. *Sites found in coding regions (5/15 cod-
ing sites resulted in nonsynonymous changes). Nucleotide position for nonsyn-
onymous variants are: 06029 (G/A; Ser→Ala), 09509 (C/T; Arg→Trp), 10527 (T/C;
Ser→Ala), 10578 (A/G; Ser→Gly) and 23152 (C/A; Ser→Arg). Note: 2 of 5 coding
variants (sites 10527 and 10578) lie in the testis-specific DCP1 exon 13. †Variant
sites in absolute linkage disequilibrium with the Alu insertion/deletion.
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The block of sites in linkage disequilibrium highlights how
difficult it may be to assign function to a particular nucleotide
site. Our results suggest that associations would also be found
with any of the other 17 varying sites in absolute linkage dise-
quilibrium (or other sites simply in linkage disequilibrium)
with the Alu element, although the extent of this disequilib-
rium will need to be studied in a larger sample size to fully
quantify its pattern and extent in this region. Determining
which (if any) of these sites may be responsible for a physiolog-

ical effect will be a challenging task, especially in the absence of
recombinants. The high level of disequilibrium observed in
DCP1 emphasizes the importance of obtaining a more com-
plete picture of the allelic variation within a gene. Although the
variation presented here for DCP1 is simpler in terms of the
number of variants and haplotypes than several other genes
that have been analysed8,16,23, our work, based on the number
of variants present and also their linkage disequilibrium, sug-
gests cautious interpretation of a phenotypic association with a
single SNP is warranted.

Methods
Polymorphism detection. European-American DNA samples (n=6) were
selected from the parental generation of the CEPH (Centre d’Etude du
Polymorphisme Humain) reference families (Utah and French). African-
American DNA samples (n=5) were randomly selected from individual
samples at the Coriell Cell Repositories. Overlapping primer sets (39)
spanning the entire genomic sequence of DCP1 were chosen on the basis of
size and overlap of PCR amplicons (average size, 842±180 bp; average over-
lap, 260±57 bp). Before synthesis of the final primer set, either a universal
forward (−21 M13, 5´−TGTAAAACGACGGCCAGT−3´) or reverse (M13
reverse, 5´−CAGGAAACAGCTATGACC−3´) sequence was added to the 5´
end of each primer to produce PCR fragments compatible with dye-primer
fluorescence-based sequencing. All samples were amplified from genomic
DNA (20 ng) in reactions (25 µl) using a standard PCR buffer (10 mM
Tris-HCl, pH 8.3, 50 mM KCl, 1.5 mM MgCl2, 0.001% gelatin, 40 mM
dNTPs, 0.5 mM primer, 0.5 U of Taq polymerase (Perkin-Elmer Cetus)),
Advantage-GC Genomic PCR kit (Clontech), or Elongase Enzyme mix
(Gibco BRL). All primer sequences and PCR conditions are available
(http://droog.mbt.washington.edu). PCR amplicons were sequenced and
compared between all individuals to identify polymorphic sites and to
genotype each individual using the PolyPhred program24. DNA sequence
quality was used to trim all sequencing reads so only regions with an aver-
age quality of 30 or more were scanned for variations25. In addition, most
variant sites were in regions with redundant opposite strand coverage; this
amounted to more than 60% of the sequence. All sequence variants were
visually inspected, scored and automatically entered into a database for
subsequent analysis. Furthermore, all variants identified were confirmed
by additional PCR and sequencing or allele-specific PCR analysis. All vari-
ants identified have been deposited in dbSNP and GenBank and are avail-
able (http://droog.mbt.washington.edu).
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Fig. 2 DCP1 genotypes and haplotypes. a, Genotypes of all
individuals at each of the 78 variant sites. Individual sam-
ple identifiers are shown on the left side of the array (C,
European-American; S, African-American) and variants are
numbered consecutively across the top. Genotypes for
each individual were assigned directly from the fluores-
cence sequencing trace at each position24. At each site, all
individuals homozygous for the common allele are blue,
heterozygotes are red and homozygotes for the rare allele
are yellow. b, Genotypes of all individuals at the 52 non-
unique polymorphic sites (singletons excluded). c, Corre-
sponding haplotypes for each individual13. We resolved 13
unique haplotypes from the 22 chromosomes present.
Beginning at approximately position 10514 is the testicu-
lar-specific exon 13, which also corresponds with the 5´
end of the region with a high degree of multi-site linkage
disequilibrium. Blue, common allele; yellow, rare allele.
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Fig. 3 Consensus parsimony gene tree for DCP1 haplotypes. a, Gene tree con-
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Alu *I/*D occurs along the long branch separating the two major clades. The rel-
ative frequency of each haplotype is indicated by the area of the circle. b, A rep-
resentative gene tree constructed from the eight non-unique coding sites.
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Haplotype determination. Following removal of singleton sites, haplo-
types were inferred from the samples using a heuristic algorithm based on
population genetic principles13. Direct molecular haplotyping was used to
confirm a subset of heterozygous sites (~25% of 178 sites) using allele-spe-
cific PCR, allele-specific PCR combined with direct sequencing of the spe-
cific products, RFLP analysis or direct sequencing of parental samples of
the CEPH individuals. All inferred haplotypes were confirmed by these
molecular haplotyping techniques.

Statistical analysis. Under the infinite-sites model of molecular population
genetics, the expected number of segregating sites, S, in an equilibrium
population will be 

, 

where n is the sample size and θ = 4Nµ, N being the population size and µ
the neutral mutation rate26. Using the observed number of segregating sites
to estimate θ, we get θS=21.399. Tajima’s D statistic27 is defined as 

, where ,

k is the average per-site heterozygosity and n is the sample size. The expect-
ed value of D is 0 for a neutral gene in an equilibrium population.

The program DNAPARS in Phylip 3.5 was used to infer the maximum
parsimony tree for the 52 phylogenetically informative sites in the DCP1
sequences. Five sites (2400, 3872, 4504, 6435 and 15214) were found to
exhibit homoplasy and were eliminated from further genealogical analysis.
For the gene tree constructed from the non-unique coding sites, DNAPARS
produced 32 equally parsimonious trees. We generated a consensus tree
using the gene tree constructed from all non-unique sites. Maximum likeli-
hood estimates of θ=4Nµ and time to the most recent common ancestor
(TMRCA) were obtained using Monte Carlo Markov Chain simulations of

the coalescent process, as implemented by the program Genetree28,29. The
likelihood was significantly improved by allowing for population growth
with a maximum likelihood estimate of the growth parameter β=0.16.
With this growth parameter, the maximum likelihood estimate for θML is
26.95. On the basis of an alignment of human, mouse and rat DCP1-cod-
ing regions, we estimate the neutral substitution rate to be 2.74×10–9 per
site per year. We used the maximum likelihood estimates of θ and β and
generated 107 trees to obtain a stable estimate of TMRCA of 0.545±0.113 Ne
generations. Ne was estimated from θS=21.40 and µ=2.74×10–9 to be
81,054, and from θML=26.95 to be 102,115. If one human generation
is 20 years, these estimates correspond to 883,698±184,000 and
1,113,000±232,000 years, respectively. The four-gamete test was applied to
infer past intragenic recombination30. Of 1,176 site pairs, only 114 showed
the presence of all 4 gametes, and all cases involved the 5 homoplasy sites
excluded from the gene tree.

Coalescence simulation. The probability of finding a block of 18 sites in
absolute linkage disequilibrium by chance in a population in mutation-
drift equilibrium was tested by constructing 100,000 neutral coalescent
trees, retaining only those having a clade of 13 and a clade of 9. Mutations
were placed on the branches of the trees following a Poisson distribution
whose mean produced the observed 52 non-singleton sites, and the count
of sites that were in absolute disequilibrium in the two clades was tallied.

GenBank Accession number. DCP1, AF118569, AC002345
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